ABSTRACT There has been a rapid increase in demand for premium and safe agricultural products. Protected systems, such as greenhouses, are being adopted to meet demand. Ease in environmental regulation required for optimal plant growth is one of the advantages of protected systems. However, drawbacks such as poor ventilation in greenhouses can be fatal to the human workforce. This has led to the development of robots for hazardous tasks. Considering mobile robots are required to navigate down every aisle to perform a task in a greenhouse, and it is difficult to predict at which point the robot will need to return to the start point, to offload or refill for transportation and spraying schedules, respectively or battery charges. It will be commercially constraining to manufacture robots for every greenhouse specification. Efficient navigation can be done through path planning or layout design. In this paper, the greenhouse layout optimization problem was formulated to find optimal points on each bed to create an access path that would enable a reduction in the total travel time from all points in the greenhouse to the base point. The optimization problem was solved using differential evolution (DE), an evolutionary algorithm. Furthermore, we considered: 1) required space for inter-bed and rotary robot navigation; 2) standard bed specification; 3) area of the greenhouse; and 4) base point for starting and terminating navigation. The applicability of the proposed method was demonstrated by carrying out the experimental simulations on several greenhouse sizes.
I. INTRODUCTION
The increasing demand for high quality and safe agricultural products combined with unpredictable climate variations have led to increasing use of protected production systems such as greenhouses [1] . Protected systems allow the regulation of macro and micro environments needed for optimal plant performance. In addition, extension of growing seasons, obtaining higher and better-quality yields by effectively controlling pests [2] , [3] are other benefits of protected cultivation.
Greenhouse farming is a common form of protected cultivation which is a complex multiple-input multiple-output system [4] . Recently, research on greenhouse automation which is a vital component of mechanized cultivation, has
The associate editor coordinating the review of this manuscript and approving it for publication was Xiangtao Li. been increasing globally [5] - [7] due to numerous benefits including reduction in the inhalation of chemicals which could be fatal or cause permanent damage to human health during spraying [8] - [11] ; and precise and safe harvesting of agricultural products. In greenhouses, due to limited ventilation [10] , [11] the risk of chemical inhalation during pesticide spraying is more likely. Autonomous pesticide spraying devices help in the precise application of pesticides and minimize human exposure to hazardous chemicals. The incorporation of harvesting robots also presents opportunities; for instance continuous long work hours as opposed to human labor that is prone to fatigue [12] . In addition, advanced recognition and control algorithms can better differentiate between ripened produce and harvest them with minimal or no damage to the produce compared to human labor. Also, application of robots will alleviate the need for expensive skilled labor [13] . Furthermore, the problems associated with excess nutrient and pesticide runoff [14] from farms are greatly reduced and controlled in protected cultivation systems using accurate and precise robotic systems.
In greenhouses, various automation technologies are being employed for temperature and humidity control, soil preparation, and supply of water and nutrients [15] - [17] . Also, vital autonomous robotic systems are being adopted to perform tasks that are labor intensive and hazardous to humans due to the harsh conditions in greenhouses. These tasks include crop monitoring, treatment, harvesting and pest and disease detection. In automated greenhouses, a typical robotic application involves a single or multiple mobile robots navigating down the aisles reaching designated points for seeding, transplanting, harvesting, spraying pesticides [11] or crop monitoring. In a typical harvesting task, the harvesting robot is attached with a transportation robot with limited storage capacity. Once the transportation robot is full, it needs to go to the base station to empty the harvested produce and return to the harvesting robot. In addition to the various sizes and lengths of the greenhouses, due to the non-uniform spread of the yield and limited capacity of the robot, the points at which the transportation robot gets filled with produce is difficult to predict in advance. Similarly, in the case of pesticide application, the spraying robots have finite pesticide carrying capacity and must return to the base point to refill. The points from which the robots need to return to the base station is not known in advance. In addition, it is costly to manufacture robots for every greenhouse specification. Therefore, efficient robot navigation is crucial for successful robotic applications in greenhouses. Efficient robotic navigation can be achieved through-a) efficient path planning for the mobile robots for a given layout, and or b) designing a layout that would facilitate efficient robot navigation. In [18] , a review of the common techniques for robot navigation in greenhouses was presented. In [19] , [20] , robotic manipulator motion planning was considered because of its importance in seeding, transplanting and harvesting automation. Path planning algorithms that include algorithms for direct displacement in the direction of the end-effector desired position have been explored in [21] - [24] . Further, the coverage path planning [25] for picking all the fruits on a scene or the time minimization [26] for moving from fruit to fruit are studied. Most of the research reported in literature considered path planning for a given layout without optimizing the layout for rapid navigation from point to point in the greenhouse. In [26] for example, designing a layout that would facilitate efficient robot navigation is not given as much importance as [25] where the path planning is done for a given layout.
Due to the reasons discussed above, for the harvesting and spraying tasks, the optimal consideration would be to develop a system that could simulate every greenhouse scenario where the travel time from any given point in the greenhouse to the base point is minimized. In conventional greenhouse layouts, this travel time during the harvesting and spraying operations is significantly high resulting in substantial loss of economic time. In literature, the authors have come across no study yet on greenhouse bed layout optimization considering the minimization of travel time for common tasks like harvesting and spraying or any other task for that matter. However, minimization in travel time has been investigated in warehouses using approaches like layout design, routing methods, order batching and zoning and storage assignment methods [27] - [29] . In [30] , the warehouse layout was optimized functionally to the fluctuations in demand and inventory levels. The main goal was distance reduction and minimization in travel time. Strategies such as batching of orders in a parallel aisle warehouse has been investigated to minimize travel time [31] - [33] . However, in this study, the significant difference between warehouses, and greenhouses is that in warehouses the robots need not visit every bed during the order picking, whereas, in greenhouses, visits are required to each bed and plants on the bed [34] , [35] . Unlike greenhouses, the location of the products in warehouses is always known and all that is required is a direct travel to the point-of-pick in a time-efficient way.
In this study, we optimized the accessibility of robots in greenhouse layouts by developing a system to find optimal and rapid navigation points. Beds were laid in parallel and the optimization problem was formulated to find optimal points on each bed to create an access path that would enable reduction in travel time from any point in the green house to the base point. The optimization problem was solved using Differential Evolution (DE) which is a popular evolutionary framework capable of handling complex optimization problems. In the developed system, the following considerations were included: -a) enough allowance for robot inter-bed and rotary movement considering robot size, b) standard bed specification for optimal plant growth, c) area of the greenhouse, and d) base point for robot starting and termination. These parameters can be changed to required specification. The travel times obtained by the proposed method were compared with the base-case of conventional layouts to demonstrate the effectiveness and quality of the designs obtained.
II. PROBLEM FORMULATION
Traditionally, greenhouses are rectangular with straight and parallel beds along the longest side and having adequate space between beds for robot and/or human movement referred to as picking aisles. The distance between the beds is usually standardized based on the requirements of the crop and/or the dimensions of the robots being considered. However, in large greenhouses, cross aisles that are right angles to the picking aisles are incorporated to facilitate better robot and/or human movement. Figure 1 provides the conventional greenhouse layout designs with and without cross aisles. In other words, conventional greenhouse layouts conform to these unspoken design rules -1) picking aisles that allow the robot movement are straight and parallel, 2) cross aisles (if present) are straight and at right angles to the picking aisles. In conventional greenhouses where the primary work force comprises of humans, there are situations where items are passed across to coworkers over the beds or in some instances, under the beds. However, in automated greenhouses, this is not practical with the presence of robots. Thus, conventional designs following the rules above reduce the free movement (accessibility) of the robots and increase their travel time. For example, as mentioned earlier, in a harvesting task, the transportation robot needs to empty its filled-up basket at the base point. In addition, the point at which the basket will fill up is not known in advance. Consequently, it is essential to find an optimal layout of beds that can facilitate easy robot movement and minimize the travel time from any given point to the start point. Recently, due to the increase in greenhouse automation, the incorporation of robots in greenhouses is gaining prominence thus making the design of optimal layout of beds crucial.
In warehouses, it is claimed that flying V layouts ( Figure 2 ) offer a travel time reduction of 10% thus enabling a better robot movement [34] . The difference between the layouts in Figure 1 (b) and Figure 2 is the position of the through point on each bed to enable the robot's movement across the beds. In other words, the accessibility or the travel time reduction depends on the position at which the individual beds are cut.
Therefore, in the current problem formulation, in accordance with literature, we assumed a rectangular shaped greenhouse where the beds of length (l) are placed parallel to each other along the longest side. Then, the aim was to identify the optimal position to cut each bed that would minimize the travel time from any point in the greenhouse to the base point. As shown in Figure 2 , we used the following notations:
Bp -base point where the transportation robot empties or spraying robots refills its tank.
a-distance between beds (depends on the crop requirements and/or dimensions of the robots being considered) b i -position at which bed i is cut w -half the width of cut on the beds (fixed for all beds) nr = number of beds to the right of Bp nl = number of beds to the left of Bp br = location of beds to the right bl = location of beds to the left With loss of generality, we derive the expected travel time or travel cost considering the right side of the base point (Bp). Then, it is extended to the beds on the left side of the base point (Bp). As shown in Figure 2 , let vector br = {b1, . . ., bnr} be the locations where the beds on the right of Bp are cut to provide a cross-aisle of width 2w on each bed. Then, by Pythagoras' theorem, the distances d i can be calculated as
where b 0 = 0 and is located at the base point (Bp). Let q i < b i be a point on bed i at which the robot is not sure of traveling either along the bottom path or up, or along the cross beds and down as shown in Figure 2 . Therefore,
The access paths were divided into three regions that corresponded to different shortest paths to return to the base point (Bp) depending on the position of the robot (y). For y < q i , the shortest path would be down and along the bottom cross aisle. For q i ≤ y ≤ b i , the shortest path corresponds to travelling up and along the cross aisle. For y ≥ b i , it is suggestable to travel down and along the cross aisle. Let C i (y, br) be the travel cost or travel time for the robot to reach the base point from a uniformly distributed point (y) in aisle i.
Thus, the expected travel cost, from a point in aisle i ≥ 1 is
where d i and q i were obtained in Equations (1) and (3), respectively. The expected travel cost from a point in aisle 0 VOLUME 7, 2019
does not depend on vector br as there is no travel along the cross aisle. Hence, for travel from any point in aisle 0 to the base point, the expected travel cost is simply the travel from the center of aisle:
Therefore, given b = {br, bl} with nr beds on the right and nl beds on the left of the base point (Bp), the expected travel cost from any point in the entire space is given by
where bl = {b1, . . . , bnl}. In addition, the condition q i ≤ bi -w needs to be met. Consequently, the optimization problem was to find an optimal b that
The problem formulation in Equation (6) can be represented as
where, F(b) is the overall objective function to be minimized. The constraint violations corresponding to the two inequality constraints in Equation (6) are v i and u i with R i and P i being the penalty factors for v i and u i , respectively and n, the total number of beds in the whole space (nr + nl).
The optimization problem formulated in Equation (7) was solved using Differential Evolution (DE) [36] , which is a stochastic population-based evolutionary optimization algorithm. Like other evolutionary algorithms, DE starts with a randomly and uniformly initialized population of solutions in the search space bounded by minimum and maximum values of the parameters. In DE, the evolution experienced by each individual in a population is through the sequential application of operators referred to as mutation, and crossover on each randomly selected individual from the population at any time. The result of this variation is a new candidate solution referred to as offspring and the offspring replaces the original solution in the population if its objective value defined in Equation (7) is better or the same. For more detailed description regarding DE, refer to [36] [37] [38] .
As discussed above, the difference between conventional greenhouses (Figure 1 ) and the proposed model is the position of the cross-aisles. In a conventional greenhouse without any cross-aisle ( Figure 1a) and with a perpendicular cross-aisle to the beds (Figure 1b) , the expected travel cost would be the same. Assuming the uniform distribution of the point (y) where the transportation robot gets filled, the expected travel cost (time) from a point in aisle i ≥ 1 is
The expected travel cost from any point in aisle 0 would be same as Equation (4) 
Then, the expected travel cost from any point in the whole space in conventional greenhouse layout is given by
III. EXPERIMENTAL SET-UP AND SIMULATIONS
The run time taken by the algorithm was dependent on the search space and could be between minutes to hours. The simulations were done on 7 GHz Intel Core i5 processor, 8 GB random access memory and 128 GB solid-state drive with Windows Version 10 operating system (Microsoft Corporation, Redmond, WA). In this work, the parameters of the optimization algorithm, that is, DE were set as: Population size (NP) -500 Mutation strategy -DE/rand/1 DE-step size -0.5 Crossover strategy -Binary Crossover Crossover rate -0.9 Maximum number of iterations (stopping criterion) -30000
Ri, Pi = 10 12 Two set-ups were simulated to investigate the percentage improvement of the new layouts with created access routes over conventional layouts as shown in Figure 3 . The first setup had the base point (start and end point) in the middle of the layout while the base point was one fourth to the right in the second set up.
IV. PERCENTAGE IMPROVEMENT BETWEEN LAYOUTS WITH CREATED ACCESS POINTS AND CONVENTIONAL LAYOUTS
In the layouts having the access routes created in the middle, there were varied patterns in the percentage improvement (Figure 4 ). At 20 m length, the percentage improvement in travel time started a sharp continuous decline at 10 beds (20 m width) and reached no improvement at 200 beds (362 m width). At 50 m length, the improvement in accessibility increased rapidly to 10 beds (20 m width) and stabilized at 50 beds (100 m width) followed with continuous decrease from 50 beds (100 m width) to 200 beds (362 m width). At this length, the simulated results showed the importance of the bed orientation. Choice to be designated as width or length affected the accessibility. At a length of 100 m, there was a steady improvement in accessibility from 10 beds to 100 beds. Also, the improvement between 50 and 100 beds was not as drastic (about 2%) as that of 0 to 50 beds with 10% improvement recorded. However, with increase in beds (width) the percentage improvement decreased about 1%. Despite this, there was still an overall improvement between the new layout and the conventional layout at all the beds averaging 9.2% improvement in all the investigated cases at 100 m length. At 500 m length, a different trend was recorded with a continuous improvement in accessibility from 0 to 50 beds and steep decline at 100 beds followed with increment in the percentage improvement between the new layout with created access routes and conventional layout at 200 beds. Thus, it can be concluded that improvements will be recorded if the length is more than the width of the greenhouse. This assertation can be backed with the principles from the Pythagoras' theorem. ) . Additionally, the improvement in accessibility increased rapidly to 10 beds (20 m width) and stabilized at 50 beds (100 m width) at 50 m length. This was followed with continuous reduction from 50 beds (100 m width) to 200 beds (362 m width). At a length of 100 meters there was a steady improvement in accessibility from 10 to 100 beds. However, as in the previous case with the base point at the center, the improvement was about 2% between 50 and 100 beds showing a less significant improvement compared to the 10% improvement recorded at 0 to 50 beds. Furthermore, with increase in beds (width) the percentage improvement decreased about 1%. Regardless of this, there was still an overall improvement between the new layout and the conventional layout for all the beds. Also, similar to the previous case, at 500 m length, a different trend was recorded with a continuous improvement in accessibility from 0 to 50 beds and steep decline at 100 beds followed with increase in the improvement at 200 beds.
There is a striking resemblance in the percentage increase curves between the layout with the base in the middle and one fourth to the right at 50 and 100 m length. However, the percentage improvement curves peaked at approximately 6% for 20 and 500 m lengths. Furthermore, the peaks were recorded at 10 and 50 beds for 20 and 500 m respectively unlike the previous case (central base point) where the percentage peaks were recorded at 6 and 4% for 20 and 500 m respectively. 
New Layout Configurations With Created Access Points:
For the layout configurations, the point from which the access routes were created, and the patterns were different despite the areas being the same. The layout with the base at the middle (Figure 6(A) ) had the access point cut starting from a lower position compared to the layout with the base point one fourth to the right. From the Pythagoras' theorem [39] , it will take a shorter time to reach the base point from any area in the greenhouse when the base is at the middle of the layout than at one fourth to the right as shown in Figure 4 and 5. Consequently, the algorithm searches to minimize the travel time from any point, thus creating two unequal routes in the layout with the base one fourth to the right (Figure 6(B) ). Figure 7 (A) and (B) had an opposite drift compared to Figure 6 . The created access point started at a lower position in Figure 7 (B) compared to Figure 7 (A) in the layout. However, the created access points started at a similar point in Figure 8(A) and (B) . This scenario was also recorded in Figure 9 (A) and (B).
The shape of the cut in Figure 8 (A) and 9 (A) mimicked a typical flying-V design where [34] argued that cross aisles in warehouses with longer picking aisles, that is, a broader width benefit more from this type of design. This can be ascertained in this study as the Figure 8 (A) and 9(A) had the most improvement in travel time efficiency compared to Figure 8 (B) and 9(B) that had different designs.
V. CONCLUSION
A layout optimization system that enables rapid and safe robot navigation in a greenhouse was developed. Required bed specification for optimal plant growth and space for robot inter-bed and rotary movement considering the size of the robot can be changed in the proposed system. Additionally, the area of the greenhouse, and base point for robot starting and termination can also be altered to required specifications. Experimental simulation of different greenhouse sizes showed percentage improvements in travel time between the proposed layouts and conventional layout ranging from 0 to about 13% in the investigated cases. Also, the results showed that the position of the base point affects the percentage improvement in travel time. A system that could find optimal points on each bed to create an access path that would enable reduction in travel time from all points in the greenhouse to the base point was developed.
